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We demonstrate microwave-to-optical conversion using six-wave mixing in 87Rb atoms where
the microwave field couples to two atomic Rydberg states, and propagates collinearly with the
converted optical field. We achieve a photon conversion efficiency of ∼ 5% in the linear regime of
the converter. In addition, we theoretically investigate all-resonant six-wave mixing and outline a
realistic experimental scheme for reaching efficiencies greater than 60%.
Rydberg atoms feature a quasi-continuum of narrow
and strong dipole transitions coupling to microwave and
terahertz (THz) radiation [1]. Moreover, they can be eas-
ily excited and manipulated with laser light. These two
properties endow Rydberg atoms with tremendous po-
tential for applications combining optical light with mi-
crowaves or THz waves in precision spectroscopy, quan-
tum sensing, and information processing. For example,
real-time THz field imaging has been achieved by THz
induced optical fluorescence in Rydberg atoms [2]. Sen-
sitive detection of free-space microwave fields based on
dressed electromagnetically induced transparency involv-
ing a Rydberg state (EIT) is being actively pursued [3, 4].
Rydberg EIT can also be used to transfer digital informa-
tion encoded in a microwave field onto an optical carrier,
with applications in radio-over-fiber technologies [5, 6].
Recently, microwave-to-optical conversion has been
demonstrated employing frequency mixing via Rydberg
states [7]. The good coherence of the underlying process,
characterized in Ref. [7], makes it a solid candidate for
the transfer of quantum information between supercon-
ducting and photonic qubits. Among the different tech-
nologies being developed for this application [9–14], the
highest microwave-optical photon conversion efficiency η
obtained so far is nearly 50%, but with a relatively nar-
row bandwidth of ∼ 12 kHz [13]. While the bandwidth of
the converter using frequency mixing in Rydberg atoms
demonstrated in [7] was as large as 4 MHz, η was lim-
ited to 0.3%. It thus remains to be shown that much
higher conversion efficiencies can be achieved with this
approach.
In this letter, we demonstrate six-wave mixing in a cold
rubidium (Rb) gas where all the waves are near-resonant
with atomic transitions and propagate along a single axis.
In the first part of this letter, we describe the frequency-
conversion mechanism, and present our results. We find
that the response of our converter is linear for a wide
range of microwave input powers. Most importantly, the
chosen configuration, with collinear propagation of the
waves, enables us to enhance the conversion efficiency by
a factor of seventeen compared to that in [7]. In the sec-
ond part, we theoretically analyze all-resonant collinear
six-wave mixing and identify the conditions for achieving
high efficiencies.
The principle of the experiment is as follows. A
cloud of cold polarized 87Rb atoms is illuminated by
four auxiliary electromagnetic fields as well as the mi-
crowave field M to be converted, as shown in Fig. 1(a).
By non-linear frequency mixing of the six waves in the
atomic medium, the field M is converted into the op-
tical field L. The chosen configuration of energy levels
is displayed in Fig. 1(b). The six waves P, C, A, M,
R, and L are near-resonant with the atomic transitions
shown in the figure, where |1〉 ≡ |5S1/2, F = 2,mF = 2〉,
|2〉 ≡ |5P3/2, F = 3,mF = 3〉, |3〉 ≡ |30D3/2,mJ = 1/2〉,
|4〉 ≡ |31P3/2,mJ = −1/2〉, |5〉 ≡ |30D5/2,mJ = 1/2〉,
and |6〉 ≡ |5P3/2, F = 2,mF = 1〉 [8]. In the absence of
the microwave M, the system is in the configuration of
microwave dressed Rydberg EIT formed by the two opti-
cal waves P and C, and the auxiliary microwave A. Once
the M and R fields are added, the coherence induced be-
tween the ground state |1〉 and the intermediate state |6〉
triggers the generation of the converted optical field L.
In our setup, the fields P, M, and A are copropagating
along the quantization axis z, and counterpropagating
with the fields C and R. The frequency differences be-
tween transitions |1〉 ↔ |2〉 vs. |1〉 ↔ |6〉, |2〉 ↔ |3〉 vs.
|6〉 ↔ |5〉, and |4〉 ↔ |3〉 vs. |4〉 ↔ |5〉 are 0.27, 0.73,
and 0.45 GHz, respectively, including the Zeeman shifts
due to the 6.1 G bias magnetic field applied along the
z axis [15, 16]. These differences are small compared to
the frequencies of the fields, and to a good approximation
their wavevectors obey kC ≈ kR and kA ≈ kM , result-
ing in kL ≈ kP due to phase matching. Consequently,
the L and P fields are copropagating, and all the fields
are collinear. The P and L optical waves are of oppo-
site polarization and are separated before simultaneous
photodetection.
In more detail, the atomic cloud is Gaussian dis-
tributed, with 1/e2 radius wz = 1.85 mm, peak atomic
density nat,0 ∼ 2 × 1010 cm−3, and temperature T ∼
70 µK. The optical beams P, C, and R are focused on the
atomic cloud with beam waists wP , wC , and wR of 25, 54,
and 45µm, respectively. The frequencies of the C and R
fields are maintained on-resonance, and only that of the
P field is varied to acquire spectra as a function of the fre-
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FIG. 1. (a) Experimental setup. The frequency mixing is
performed with collinearly propagating fields in a Gaussian-
distributed atomic sample. The laser beams are focused on
the atomic ensemble, whereas the microwave fields are emit-
ted from a horn antenna. (b) Energy level diagram and cou-
pled transitions. The polarization of the fields are indicated
inside parentheses.
quency detuning ∆P . The microwaves are combined with
a magic tee, and emitted out of a horn antenna with lin-
ear transverse polarization. The σ+ polarization compo-
nents of the microwaves form the M and A fields, and are
kept on resonance with frequencies of νM = 84.18 GHz,
and νA = 83.72 GHz, respectively. The σ
− polarization
components are off-resonant due to the Zeeman shifts,
hence play a negligible role in this experiment. The
electric dipole matrix elements of the atomic transitions
in Fig. 1(b) are, in Hartree atomic units, |d21| = 2.99,
|d61| = 1.22, |d32| = 0.00914, |d34| = 211, |d54| = 387,
and |d56| = 0.0138.
Typical spectra of the measured powers PL and PP of
the L and P fields vs. ∆P are shown in Fig. 2. The peak
Rabi frequencies of the incoming fields are ΩP0/2π =
1.0 MHz, ΩC0/2π = 9.5 MHz, ΩR0/2π = 6.3 MHz,
ΩA0/2π = 2.9 MHz, and ΩM0/2π = 1.4 MHz. The
data obtained for each ∆P are averages of the signals
recorded in steady state condition over 10µs after the
application of the fields. The conversion is most efficient
around ∆P = 0 [Fig. 2(a)], which is consistent with the
non-linearity responsible for the frequency mixing being
maximum close to resonance. The spectra of the L and P
fields in Fig. 2 are approximately symmetric. The double-
peak shape of the spectrum of PP occurs mostly due to
the large A field, and is likely an effect of microwave
dressed EIT on |1〉 → |2〉 → |3〉 → |4〉. We attribute the
small reduction of PL at the center of the spectrum in
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FIG. 2. Spectra of the generated light power PL (a), and of
the transmitted P field power PP (b). The dashed lines are
simulated results obtained using Maxwell-Bloch’s equations
(see text).
Fig. 2(a) to the strong absorption of the P field around
∆P = 0, which tends to reduce the effective volume of
the medium where the conversion occurs.
The behavior of the measured power PL for ∆P = 0 is
approximately linear as a function of the input intensity
IM of field M [see Fig. 3(a)]. Given PL ≈ αIM , a linear fit
to the data yields the slope α = 0.45 mm2. The photon
conversion efficiency of the process is deduced as
η ≈ PL/νL
IMSM/νM
= 0.051, (1)
where SM = πw
2
P , and νL ≈ 384.228 THz. For this
calculation, we consider the microwave photons incident
on the conversion medium, whose transverse size is de-
termined by the probe beam waist wP . This conversion
efficiency is seventeen times larger than the one reported
in [7] using a perpendicular configuration, where the mi-
crowave fields propagated at right angles to the optical
fields. This is consistent with the reduction of SM by a
factor of ∼ wP /wz due to the change of geometry. The
physical reason for the enhancement is that the conver-
sion occurs over a much longer distance in the collinear
configuration (∼ 2wz) than that in the perpendicular ge-
ometry (∼ 2wP ).
Next, we show that the interaction of the laser and
microwave fields with the atomic ensemble is well de-
scribed within the framework of coupled Maxwell-Bloch
equations, which will allow us to theoretically investi-
gate possible improvements to the present scheme. We
restrict the problem to the calculation of one-dimensional
solutions for the fields in the slowly varying envelope ap-
proximation, and in steady state. With these assump-
tions, the field amplitudes satisfy the following differen-
tial equations:
∂zΩX = i
nat|dji|2νX
h ǫ0 c
̺ji. (2)
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FIG. 3. The linearity of the converter. (a) The power of
the generated light is plotted versus IM in the range of 0 to
50 pW/mm2. The red dashed line is the result of a linear
regression. (b) The power of the generated light is plotted
versus IM in the range of 0 to 2000 pW/mm
2. The dashed
line is the numerically simulated result (see text).
In this set of equations, the complex amplitudes EX
of each field X (X ∈ {P,R,M,C,L,A}) have been
rescaled using the definition of the Rabi frequency ΩX =
2EXdji/~ where ~ is the reduced Planck constant and dji
is the dipole matrix element of the transition |i〉 ↔ |j〉
driven by field X. Moreover, ̺ji is the corresponding
atomic coherence, written in a suitable rotating frame
removing fast temporal and spatial oscillations, νX is the
frequency of field X, nat is the atomic density, ǫ0 is the
free-space permittivity, and c is the speed of light in vac-
uum. The atomic coherences are given by the steady
state solution of the following Markovian master equa-
tion
∂t̺ = − i
~
[H, ̺] + LΓ̺+ Ldeph̺ , (3)
where H = −~ (∆P |2〉〈2|+
∑
X ΩX |j〉〈i|+H.c.) /2 is
the interaction Hamiltonian between a single atom and
the fields. The Lindblad term LΓ̺ accounts for sponta-
neous emission from the intermediate states |2〉 and |6〉
with rate Γ = 2π × 6.067 MHz and from the Rydberg
states. The term Ldeph̺ accounts for additional dephas-
ing mechanisms, and may be written as
Ldeph̺ =
∑
j∈{3,4,5}
γj (2Pj̺Pj − Pj̺− ̺Pj) , (4)
where Pj is the projection operator on state |j〉, and γj
is the dephasing rate associated with state |j〉. These
rates include the effects of atomic collisions, dipole-dipole
interactions between Rydberg atoms, and finite laser
linewidths. The dephasing rates γ1, γ2, and γ6 are ne-
glected since they are much smaller than Γ. The solutions
of the system of Eqs. (2) and (3) are integrated along the
transverse direction to take into account the finite size of
the beams, while neglecting any variation of ΩC and ΩR
along z since |d32| and |d56| are very small. The simula-
tion results [see Figs. 2(a), 2(b), and 3(b)] are in good
agreement with the data for γ3 = 2π×50 kHz, γ4 = 2π×
300 kHz, and γ5 = 2π× 400 kHz, while the other in-
put parameters are obtained from experimental calibra-
tions. This further asserts the validity of the model of
Refs. [7, 17] and allows us to extrapolate the behavior of
the data to larger input microwave intensities, as shown
in Fig. 3(b). While PL is linear at small IM , it starts to
saturate when ΩM0 becomes of the order of ΩA0.
To present a pathway to improving the efficiency, we
will take a closer look at (3), in the case of all-resonant
waves. The analytical steady-state solution of (3) is ob-
tained by an expansion of ̺ up to third order in the weak
fields ΩP , ΩM , ΩL, and the small dephasing rates γj [17].
In keeping only the two leading order terms, the coher-
ences ̺21, ̺61, and ̺54 take the following simple form [18]
̺21 = i
ΩP
Γ
, (5)
̺61 = i
ΩPΩCΩM
ΓΩAΩR
, (6)
̺54 = −iΩRΩLΩAΩ
∗
CΩ
∗
P − |ΩC |2|ΩP |2ΩM
Γ|ΩA|2 |ΩR|2 , (7)
where the terms proportional to the dephasing rates have
been omitted. These latter terms are comparatively very
small if the conditions Γ|ΩA|2/|ΩC |2 ≫ γ4, |ΩR|2/Γ ≫
γ5, and |ΩCΩRΩMΩP |/|ΓΩAΩL| ≫ γ5 are fulfilled. For
finite dephasing rates as measured in our current exper-
iment, these conditions are best met experimentally if
|ΩA| is comparable to |ΩC | and |ΩR| ≫ Γ. Having ob-
tained a solution approximately insensitive to γ3,4,5 is
important as we seek a system that is robust against
interaction-induced dephasing to realistically reach high
efficiencies. In this regime, and taking the large Rabi fre-
quencies ΩA, ΩC , and ΩR as constants, we find from the
system of Eqs. (2) and (5) to (7) that ΩL satisfies the
following differential equation
∂2vΩL + a2 (1− v) ∂vΩL + a21ΩL = 0, (8)
where v is defined as v(z) = 1 − e−u(z)/2, with u(z) =∫ z
−∞
dz′ 2nat|d21|2νP / (hǫ0cΓ) being the optical depth vs.
z for the P field. Taking νP ≈ νL, we have a1 =
c1|d61/d21|2 and a2 = c21|d61/d21|2, where
c1 =
∣∣∣∣d54d61
∣∣∣∣
√
νM
νL
ΩC ΩP (−∞)
ΩR ΩA
. (9)
The analytical solution to (8) can be expressed in terms
of a hypergeometric function and a Hermite polynomial.
(8) is very similar to that of a damped harmonic oscilla-
tor, with the damping term weakly depending on v, as
a2(1 − v), where 0 ≤ v < 1. By analogy, when a2 ≪ a1
the solution takes the simple form ΩL(v) ≈ ΩL0 sin (a1 v),
4where ΩL0 =
√
νL/νM |d61/d54|ΩM (−∞) corresponds to
100% conversion efficiency. Therefore, optimizing the ef-
ficiency implies to fulfill the two conditions, a1v(+∞) =
π/2 and a2 ≪ a1. For a large enough atomic cloud, this
can be achieved by decreasing |d21|, and increasing |d61|.
Physically, the idea is to minimize the absorption of the
P field, while maximizing the converted L field.
Based on this analytical derivation, we select a more
favorable configuration of energy levels where |d21| is
reduced by a factor of
√
6, and |d61| increased by√
6. The new configuration is such that |1′〉 ≡ |1〉,
|2′〉 ≡ |5P3/2, F = 2,mF = 1〉, |3′〉 ≡ |3〉, |4′〉 ≡
|31P3/2,mJ = 3/2〉, |5′〉 ≡ |30D5/2,mJ = 5/2〉, and
|6′〉 ≡ |5P3/2, F = 3,mF = 3〉, and we keep the fields as
denominated in Fig. 1, but with modified polarizations
and strengths. We consider extended input fields of Rabi
frequencies ΩP0/2π = 1.0 MHz, ΩC0/2π = 13.5 MHz,
ΩR0/2π = 29 MHz, ΩA0/2π = 5.5 MHz, and a Gaussian-
distributed atomic cloud with nat,0 = 2× 1010 cm−3 and
wz = 3.7 mm, such that a1 v(+∞) ≈ π/2. Figure 4 com-
pares the analytical solution of (8) to the numerical simu-
lation of ΩL given by Eqs. (2) and (3) without dephasing,
as a function of the position z along the atomic cloud.
The two curves are in good agreement and the remaining
discrepancy would vanish for ΩP0/2π < 0.5 MHz. More-
over, the introduction of finite dephasing rates similar
to the ones measured in our experiment (see (4)) affects
only moderately the numerical simulation, as expected
from our initial assumptions and shown in Fig. 4 as well.
The efficiency η, deduced directly from these solutions,
reaches close to 62% if the dephasing rates are taken into
account, in comparison to about 72% without dephasing.
This system would likely require a larger bias magnetic
field and active optical pumping to compensate for the
depumping effect of the σ− P field, which drives an open
transition. A possible approach to further improving η
is to rely on a higher lying state |2〉 such that |d21| is
significantly reduced.
In conclusion, we have experimentally demon-
strated efficient microwave-to-optical conversion using
all-resonant six-wave mixing via Rydberg states. We
have theoretically analyzed the conversion process in
steady state, and identified a clear strategy for improving
the all-resonant scheme. To reach unit-conversion effi-
ciency for quantum applications, one may consider stim-
ulated Raman adiabatic passage, a technique which may
be applicable to our system [19]. Another option that
in theory achieves near-unit conversion efficiency is to
consider tuning two of the fields off-resonance to realize
an effective two-photon transition, for example fields C
and A in our system [17, 20]. Eventually, the realization
of microwave-to-optical conversion at the single photon
level for sensing or quantum applications will require one
to tightly focus or confine the microwave field, and inte-
grate the system in a noise-free environment [21–23].
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FIG. 4. Optimizing the converted field L. (Dashed red line)
Analytical solution of the L field Rabi frequency ΩL versus
position z inside a Gaussian-distributed atomic sample. The
calculation is based on the result of (8), with a1 v(+∞) = π/2
(see text). (Blue dotted line) Full numerical simulation of ΩL
versus z, without considering dephasing rates. (Black solid
line) Full numerical simulation of ΩL versus z, including the
dephasing rates γ3, γ4, and γ5. For all three curves, ΩL is
rescaled with the Rabi frequency ΩL0 corresponding to 100%
efficiency.
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